A general, simple and efficient method for preparing site-specific mutations in double-stranded plasmid DNA without the need for special plasmlds, bacterial strains or reagents Is described. Only one synthetic oligonucleotlde for each mutation is required, subclonlng Is unnecessary and a high efficiency of mutation (58-97%) was obtained. If two synthetic oligonucleotide primers are used, two separate mutations can be simultaneously created In a single reaction tube.
INTRODUCTION
Oligonucleotide-directed site-specific mutagenesis is commonly used to create mutations. Three basic methods for this purpose use single-stranded (M13), 1 ' 2 the polymerase chain reaction (PCR), 3 " 6 and double-stranded plasmids. 7 " 9 The singlestranded method developed by Zoller and Smith 10 has been modified many times to achieve a higher yield of mutants. More recently, the PCR method has become a popular technique for site-directed mutagenesis. The advantages and shortcomings of these methods have been discussed. 11 ' 12 Limitations include the availability of restriction sites for subcloning and the instability of large insertions in M13 vectors, 13 the low fidelity of the Taq polymerase and the expense for multiple primers in the PCR methods, and the low mutant yields with the double-stranded plasmid method.
Here we introduce another strategy using double-stranded DNA with only one new synthetic primer required for each mutant. Subcloning steps are unnecessary and the theoretical mutant yield is 100%. In addition, no special Escherichia coli mutant strains, unusual nucleotides or specific modification enzymes are required. The method may be used to generate base changes, insertions, and deletions in the target DNA.
EXPERIMENTAL PROCEDURES

Vector, cells and primer
The Bluescript k/s n vector (Stratagene) was modified by cutting the Clal site within the polylinker, blunting the ends with the Klenow fragment of DNA polymerase I, and religating to yield plasmid pDLl. This eliminated the CM site and introduced a frameshift (two additional bases: CG) into the coding sequence for the lac a-peptide, resulting in a white colony phenotype on indicator plates. Competent cells were prepared by the procedure of Nishimura et al.
14 Escherichia coli DH5a and JM109 were used to prepare competent cells. Primer I (5'-CAAGCTTAT-CGATACCGTCG-3') was used to reconstruct the Clal site in the lac Z gene by deletion of the two extra bases (CG) and produces the wild type lac a-peptide sequence which in turn restores the blue colony phenotype. Primer I was incubated with T4 DNA kinase to phosphorylate the 5'-end.
The mutagenesis method
The experimental procedure, a modification of that reported by Inouye et al.} 1 is outlined in Fig. 1 . The experimental vector pDLl was double-digested with restriction endonucleases Pst\ (A), Xbal (B) to produce fragment I and with Pstl (A), Xhol (C) to produce fragment II. After digestion with enzymes A and B to produce fragment I, this reaction mixture only was further treated with calf-intestinal alkaline phosphatase to remove 5'-phosphate termini where noted. Gel electrophoresis (1% agarose; TAE buffer, 0.04 M Tris • acetate, 0.001 M EDTA, pH 7.6; 94 volts; 45 min.) was used to isolate the fragments and Geneclean (Bio 101) used to recover fragments I and II.
Equimolar amounts (0.3-0.4 /tg) of DNA fragments I and II were mixed with a 500-fold or 2000-fold molar excess of synthetic phosphorylated oligonucleotide primer as noted. The control groups contained no primer. The reaction mixture contained 172 mM NaCl, 12 mM Tris-HCl (pH 7.5), 14 mM MgCl 2 , 1.7 mM 2-mercaptoethanol in a final volume of 35 /tl. The mixture was incubated in boiling water for 3 minutes to denature the DNA fragments. After denaturation, the mixture was transferred to 30°C for 30 minutes, then to 4°C for 30 minutes, and then for at least 10 minutes on ice to allow the denatured DNA fragments to reanneal. The formation of new heteroduplex DNAs was confirmed by 1% agarose gel electrophoresis in TAE buffer before proceeding to the next step. To extend the 3'-ends and ligate the resulting heteroduplex plasmid (IE, Fig. 1 ), 11.6 /tl of the above reaction mixture was incubated with 5 units of Sequenase or the Klenow fragment of DNA polymerase I (0.4 /d), 2 pi of T4 DNA ligase (2 units),
• To whom correspondence should be addressed 4 /tl 2.5 mM dNTPs, and 2 /tl 10 mM ATP in a final volume of 20 /tl at 15°C overnight. After the overnight incubation, 5 /tl of the mixture was then used to transform competent bacteria and the mixture plated on a LB agar plate containing 100 /tg/ml ampicillin. Prior to plating the bacteria; the surface of the plate was coated with 44 /tl of a solution of 5-bromo-4-chloro-3-indolyl-/3-D-galactoside (40 /tl X-gal, 20 mg/ml) and isopropyl-/3-Dthiogalactopyranoside (4 /tl IPTG, 200 mg/ml) as reported (Sambrook et al. 15 ). The ratio of blue to white colonies was used to calculate the mutation efficiency. Because transformation was performed with double-stranded DNA, each blue colony represents a 50% mixture of the wild type and mutant plasmids.
RESULTS AND DISCUSSION
In this report, we describe a simple method to generate sitedirected mutants on a double-stranded plasmid DNA with high efficiency. As shown in Table 1 , the mutation rate was 58 to 97%. In this strategy (Fig.l) , restriction endonuclease A must have overhanging ends which are shared by the two doubledigested fragments I and II. There are no constraints for the other restriction endonucleases B and C except that they need to produce fragments I and n. One or more B sites may be present in the gap produced by the A and B double digestion (Fig. 1) ; and similarly one or more C sites may be present in the gap produced by digestion with enzymes A and C (Fig. 1) . After reannealing and 3'-extension, duplexes I and II cannot religate since they retain a 3'-overhang and a blunt end. When restriction endonuclease A produces a 3' overhang (e.g., PstT), Duplex IV produces a blunt-ended DNA that will not be religated significantly at the low concentrations of the ligase used. This was confirmed by demonstrating that blunt-ended heteroduplex DNA produced no colonies after transformation (data not shown). Duplex HI, therefore, is the only one that can religate efficiently after 3'-extension. This design provides a theoretical mutation rate of 100%. Although it was not necessary to dephosphorylate fragment I, its dephosphorylation increased mutation efficiency significantly (Table 1) .
It should be noted that if restriction endonuclease A is chosen with a 5' overhang, then duplex EH cannot be extended and filled in (Fig. 2) . The oligonucleotide must be complementary to the •Represents the combinations of three separate experiments. The experiments with Ecoli DH5a were performed as described in 'Experimental Procedures' except as noted. An equal amount of fragment I (plasmid pDLl digested with Xbal, PstI) and fragment D (Xhol, Pstl digested) were incubated with a 500-fold excess of phosphorylated primer I. Fragment I was dephosphorylated where noted in the table (alkaline phosphatase). She-specific mutagenesis was otherwise carried out as described under 'Experimental Procedures. ' The ratio of blue to white colonies was used to calculate the mutation efficiency. DNA from the blue colonies was checked by restriction endonuclease Qal digestion. The experiments with E.coU JM109 were performed as the experiments with E.coU DH5a with minor modifications: the X&al, Pstl fragment (A-B fragment I, Fig. 1 ) was treated with alkaline phosphatase after rhe restriction enzyme digestion; E.coU JM109 competent cells and 2000-fold excess of phosphorylated primer I were used. White colonies represent wild type and blue colonies, mutants.
opposite strand as that shown in Fig. 1 (heteroduplex IH) so that heteroduplex IV is the only one that religates the outer strand (Fig. 2) .
In practice, the mutant yield may be somewhat lower than the theoretical ratios although they approximated the theoretical values as shown in Table 1 . This is assumed to be due to such factors as incomplete in vitro DNA polymerization, primer displacement by the DNA polymerase used to fill in the strands and primer phosphorylation efficiency. We did not use a repair minus E.coU strain (e.g., BMH 71-18 mutS) 16 ' 17 in these experiments as our actual mutation rates were almost equivalent to the theoretical rates. Thus, special strains are not critical for this method.
This mutation method has some advantages over others. Its efficiency is as high as that of the single-stranded method. The procedure is more consistent and rapid compared with the singlestranded method 1 -2 ' 10 because subcloning into a single-stranded vector or a vector with an M13 origin can be omitted. In addition, Figure 1 . Diagram of the strategy of the double-stranded DNA site-specific method with restriction endonuclease A producing a 3' overhang. The plasmids are digested with restriction endonucleases A and B, and A and C to yield fragments I and II, respectively. In this example, the A restriction endonuclease site produces a 3'-protruding end. The B and C sites can be any sites flanking the target sequence. After denaturation and renaturation, the two homoduplexes (I, II) and two heteroduplexes (ID, IV) are formed. The parental duplexes (I and IT) and bluntended heteroduplex (TV) after filling in and ligatkm will yield no transformants. Only heteroduplex m can be extended and efficiently ligated. The A in parentheses means the site may no longer be intact. The theoretical mutation percentage is 50%. In the example shown in the text and in Table 1 Fig. 1 with the use of two oligonucleotide primers to produce two single and one double mutation simultaneously. Dephosphorylation of Fragment I (Fig. 1) is unnecessary.
the cost for primer synthesis is less than the costs with PCR methods since only one primer is required. Furthermore, the procedure can be modified by using two primers to generate three mutants (two single mutants, one double mutant) in the same experiment (Fig. 3) . We have routinely used this method to create mutants of the extracellular domain of the murine interferon gamma receptor. This method can be used with plasmids containing three suitable restriction enzyme sites to generate base changes, deletions and insertions in the target DNA. The method is a general one that is convenient and rapid. Insertion and deletion mutants can be easily identified without the need for sequencing. In fact, single base changes can be identified rapidly by PCR by preparing an oligonucleotide with the mutant base at the 3'-end. 18 ' 19 As no specific plasmids or E. coli strains are required, the simplicity and high efficiency of this method should make it a useful general procedure for preparing site-specific mutations in double-stranded DNA.
